This paper describes a new two-dimensional model of the stratosphere and the mesosphere in which dynamics, radiation and chemistry axe treated interactively. The transport equations axe expressed in the transformed Eulerian fraxnework. Momentum deposition associated with Rossby wave absorption and gravity wave breaking and related eddy diffusion coefficients are paxaxneterized as a function of the mean zonal state of the atmosphere. Diabatic heating and cooling is derived from the detailed National Center for Atmospheric Reseaxch community climate model radiative code. The distributions of chemically active species belonging to the oxygen, hydrogen, nitrogen and chlorine families axe calculated for present-day conditions. By applying neax the tropopause a different dynamical forcing in each hemisphere, the model produces significant hemispheric asymmetries in dynamical quantities (e.g., temperature) and trace gas densities (e.g., column ozone), in good agreement with climatological values. It is shown that the calculated distributions of source gases, such as nitrous oxide and methane, axe very sensitive to the calculated (and pararneterized) dynamical quantities and that species produced in the atmosphere, like carbon monoxide and odd nitrogen, can provide interesting information on the role of atmospheric transport. A major problem that remains to be elucidated is the underestimation by most models of the ozone density in the upper stratosphere. Because of the many feedback mechaaftsms included in its formulation, the model is well adapted to study the effects of human or natural perturbations. The response of the atmosphere to perturbations resulting from increasing emissions of CO2 and chlorofluorocaxbons is considered.
INTRODUCTION
Two-dimensional chemical transport models have been extensively developed in the last 2 decades to study the behavior, as a function of latitude and height, of atmospheric trace species. These models provide useful information on the zonally averaged distribution and the• sources and sinks as well as the meridional transport of these chemically active constituents. One advantage of two-dimensional formulations over one-dimensional models is their ability to represent the effects of dynamics in redistributing constituents in the meridional plane. A difficult problem, however, in representing zonally averaged distributions arises from the nature of stratospheric transport, which is due in large part to planetary waves and is thus three-dimensional by essence. In the so-called Eulerian models, the mass and energy fluxes are separated into a component involving the zonally averaged meridional winds and a component associated with the eddies, i.e., the departure of the variables from their zonal mean. The contribution by the eddies requires additional information through a closure relation by which the eddy transport of quasi-conservative tracer is specified in terms where (•, W) represents the Eulerian mean (EM) circulation (see the notation section for other definitions) would account for essentially all the mass and energy transport and be similar to the diabatic circulation proposed earlier by Brewer [1949] , Dobson [1956] , and Murgatroyd and Singleton [1961] and to the Lagrangian mean circulation of air parcels. In the two-dimensional models developed following the TEM theory, based on a global advective transport circulation [e.g., Garcia and Solomon, 1983; Guthrie et al., 1984; Stordal, 1985] , eddy diffusivities were nevertheless added in the thermodynamic and trace species continuity equations to account for transient and dissipative processes which are expected to become important especially in winter. The magnitude of the eddy diffusivities required by these models is approximately an order of magnitude smaller than in the classical Eulerian models.
In this formulation, the values of the eddy diffusivity are usually specified empirically, and the relationships among dissipation mechanisms, the distribution of wave absorption, and irreversible mixing are therefore ignored. In the most recent models however, these processes are determined in a consistent manner.
The purpose of this paper is to describe a two- 
Given the forcing term (to be described shortly), previous values of 0 (or T) and 7, and the boundary conditions (X = 0 at the poles, Ox/Oz = 0 at the top and a specified value at the lower limit), equation (10) 
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Aside from the influence of the 15-km boundary condition, the dynamical system is kept from radiative equilibrium conditions (7* -•* -0; • -0) through momentum deposition associated with wave dissipation. In the present version of the model, only the effects of gravity waves and of Rossby waves are taken into account. The effect of equatorial waves will be included in a further developed version of the code in order to study additional large-scale phenomena such as the semiannual and the quasi-biennial oscillation of the atmosphere. For the calculations of the dynamical quantities, the lower boundary is located at 15-km altitude where the 
is not straightforward because of the large transient and dissipative effects, the stream function is specified and where H is the scale height. is prescribed according to Cess [1976] and the mixing ratio of H20 is calculated as a function of the local temperature and pressure. The concentration of the individual fastreacting species belonging to a given family are derived using relations based on the assumption of photochemical equilibrium.
MODEL RESULTS AND DISCUSSION
The model provides a large amount of output for different times of the year, and therefore only selected results (primarily for solstice conditions) will be presented and discussed. Additional results will be given in subsequent papers in which specific problems will be considered.
Radiation and Dynamics
The deposition of energy in the stratosphere arises primarily from the absorption of solar radiation by the Hartley band of ozone (200-300 nm). The heating rate peaks near 50 km altitude with a maximum value (12.3 K/day) over the summer pole (see Figure 2a) . At the equator, the 24 hour averaged heating rate reaches a maximum value of about 10 K/day. The radiative heating of the cloudless troposphere is due primarily to the radiative action of water vapor and the corresponding diabatic heating rate in this layer, where strong convective exchanges take place is only of the order of I K/day or less. At present, however, as was indicated earlier, tropospheric temperatures are specified from a climatology compiled by Randel [1987] . The contribution of molecular oxygen, which absorbs ultraviolet radiation at wavelengths shorter than 242 nm, remains smaller than about I 
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RESPONSES OF THE MIDDLE ATMOSPHERE TO PERTURBATIONS BY TRACE GASES
It is now well recognized that the release in the atmosphere of chemically and radiatively active trace gases, resulting from human activities, should modify the composition and the temperature of the atmosphere and consequently produce significant changes in the general circulation and in the climate of the Earth. A comprehensive study of the possible modifications expected to occur in the climate system requires a detailed simulation of numerous interactive processes between the atmosphere and other parts of the geosphere, such as the ocean, the biosphere, the cryosphere, and the technosphere. Our purpose in this section is not to conduct such a study but to simply determine how the model responds to prescribed changes in the abundance of two gases whose concentration is known to be increasing with time.
Carbon dioxide, whose density is expected to double before the middle of the twenty-first century, is chemically inert but radiatively active, especially through a strong band in the infrared at 15 ;tm. The presence of this gas greatly affects the temperature of the atmosphere and consequently the chemical rate constants and hence appears in the lower stratosphere, up to about 20-km the atmospheric composition. By absorbing, and reemitaltitude. The consequence of the substantial coohng ting, infrared radiation, carbon dioxide contributes to the in the middle and upper stratosphere is a reduction greenhouse effect of the atmosphere. This aspect of the in the ozone loss rate and consequently an increase in problem will not be considered in the present study, as the ozone density with a relative maximum near 45 km the temperature in the troposphere, as well as its changes (20% at the equator, 27% at the summer pole, 30% for perturbed conditions, are specified rather than calcu-near the terminator). The result of these enhanced lated in the present version of the model. ozone abundances in the upper stratosphere is a stronger Figures 14a, 14b, and 14c show for June conditions absorption of solar ultraviolet radiation in the vicinity of the response of the model for a doubhng of CO2. As the stratopause and consequently a weaker production of expected, the temperature decreases above about 20 km ozone in the lower stratosphere, where a reduced ozone (Figure 14a) . The strongest cooling is found near the density is predicted by the model. The "zero line" in stratopause (8 K at the equator, 10 K at the summer the ozone change is located at the very height where the pole, and 17 K at the winter pole). A slight heating density of O3 reaches its maximum. Hence as shown by 
